The sound speed and the density of a series of blood samples was measured in a temperature ränge from 20 °C to 40 °C. An expression was derived from a least square fit which related the sound speed in human blood in this temperature ränge to the blood density and to the total protein concentration, respectively. The data were obtained from the measurement of sound speed and density by means of a newly developed Density and Sound Analyzer (DSA-48, A. Paar K. G., 8054 Graz, Austria). The relationship of sound speed, density and temperature permits the calculation of the total protein concentration with an accuracy of l g/kg. The resolution of the measurement is in the order of 0.1 g/kg.
Introduction
The concentration of the red blood cells and of the blood proteins is of general interest to the physician. First, it is of importänce in the evaluation of the blood picture. Most methods were developed for single pöint measurements and the results therefore reveal a static view of the concentrations ünder investigation.
More than ten years ago, a method which extended the concentration measurement to the continuous evaluation of häematocrit and total protein concentration was successfully introduced for the investigation of body fluid dynamics (l, 2). The method was based upön the continuous measurement of blood density ( ). But since the measuring system was neither designed for single use nor for in vivo applicat ions, the field of investigations was restricted tö a This work was in part supported by the Austrian Fonds zur Förderung der Wissenschaftlichen Forschung by.grants to the project P6616. few thoroughly controlled experimental studies. However, it was soon recognized by different working groups that blood density monitoring was of special value for investigating fluid dynamics both in separate organs (3 -5) and in the organism äs a whole (6, 7) . However, the main drawback remained, i. e. that the measuring system was not able to use disposable cells and that the material of the cell had a poor biocompatibility. To overcome this drawback, a new method was recently introduced for monitoring the concentration of blood constitüents in perfused and disposable polymer tubes (8) . The method is based upon the measurement of the sound speed (v). Sound speed is not a very familiär quantity in clinical chemistry and it is necessary to present an expression which relates the sound speed of blood to blood density, and in consequence, to total protein concentration. With this relation, which holds for a temperature ränge from 20 °C to 40 °C, it is possible to convert sound speeds in blood into corresponding densities and total protein concentrations.
Materials and Methods
Whole blood was obtained from healthy voiunteers by venipuncture. It was anticoagulated with EDTA-K 2 (l g/l blood). All measurements were carried out within 36 hours. To produce samples with different total protein concentrations the blood was centrifuged (15 min at 3500 g relative centrifugal force) and the separated phases, the red blood cell concentrate and the supernatant plasma were mixed in appropriate proportions.
The measurements were made with an autpmatic Density and Sound Analyzer (DSA-48, A. Paar K. G., 8054 Graz, Austria). Detailed descriptions of the principle of the density measurement and of the sound speed measurement may be found else-ŵ here (8, 9) . The sample volume of the measuring System was 2 ml, and the temperature of the sample was controlled to ± O.OJ °C by an internal Felder thermostat. The accuracy of both the density and the sound speed measurement was l · ΙΟ"" 4 of the reading, the resolution was l · 10~5. The measuring system was controlled by an exteraal Computer which permitted automatic temperature setting and data acquisition.
Densities and sound speeds were measured in l °C Steps in a temperature r nge from 20 °C to 40 °C. Temper ture profiles were carried out by cooling the samples down from 40 °C. This procedure avoids the formation of gas bubbles which interfere with the measurement. Scanning the density and the sound speed of a blood sample in this temperature r nge is quite time consuming. In Order to avoid red blood cell Sedimentation and phase Separation during the measurement the blood samples were homogenized by sonication (5 min at 100 W, cooling). It was previously shown that this treatment did not alter the density readings (10), and there was no systematic difference between the sound speeds of whole and sonicated blood samples.
Total protein concentration
Total protein concentration is the sum of the plasma protein concentration (Cpi^a) and of the mean cellular haemoglobin concentration (MCHC) weighted by the volume fraction of the component (10):
where TPC = total protein concentration, hct = haematocrit.
Total protein concentration is usually given in the unit of g/l, but since this unit is dependent on temperature due to the thermal expansion of the sample, it is more convenient for present purposes to use the unit g/kg. The transformation from the common unit (g/dm 3 ) to g/kg is made according to the following relation:
The total protein concentration (given in g/kg) of a blood sample is the same at any temperature.
Data analysis
The significance of the resuits was ascert ined by fitting the data (z) to polynomial functions for two (x, y) independent variables according to the method of least squares. The fits are of the type ζπ, = Σ a,· · x f · y g where f and g r nge from 0 to 2 alternately.
Resuits and Discussion
Sound speed and density were measured in isotonic saline (total protein coiicentration 0 g/kg), in plasma samples (total protein concentration approximately 70 g/kg), in blood samples with differeiit haematocrits and in red blood cell concentrates (total protein concentration up to 300 g/kg). The temperature r nge was 20 °C to 40 °C. The dependence of blood density pnsoundspeedandtempef atureisshowninfigure l.
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(Eq. 3) Fig. 1 . Sound speed, density and temperature of blood. The relation between blood density (ρ), sound speed (v) and temperature (T) of 12 blood samples with different total protein coiicentration and pf isotonic saline solution is shown in a threerdimensional plot. Data points are given in open and closed Symbols depending on whether they lie behind or in front of the plane which is calculated from at least squares fit to a second order polynomial for two independent variables (see equation 3 in the text).
The data were fitted to a polynomial (see equation 3) , density being the dependent variable and sound speed and temperature being the independent variables. The coefficients for the fit are given in table l (column 1). This relation permits the calculation of the density of a blood sample -at a given temperature -from the measurement of sound speed at this specified temperature. However, a change of sample temperature will also change the density (and the sound speed) of the same blood sample.
Density itself is related to total protein concentration. The relationship for the calculation of the total protein concentration from sample densities was obtained from the linear fit of data, determined! by Hinghof er et al. (10) . At 20 °C the reference between density and . total protein coiicentration is TPC (in g/kg) = 3.45866 ρ (in g/dm 3 ) ^3474.3 (Eq. 4) Tab. 1. Least squares data fit. Values of densities ( ) and total protein concentrations (TPC) are fitted to a polynomial (ZTU = ai · x f · y g , see equation 3) for variable sound speeds (v) and temperatures (T) according to the method of the least squares, where a, through a 9 are the constants, f is the exponent for sound speed and g is the exponent for temperature, respectively. The Standard error of the stimate is given (s. e.). The correlation coefflcient for the linear regression is 0.9994. Conversion of densities into total protein concentrations and the fit of the dependent variables, sound speed and temperature, to the new independent variable, total protein concenfration, gives an expression which permits the calculation of the total protein concentration from the measurement of sound speed and temperature. The values for the fit are given in table l (column 2). The Standard error of the estimate for the detennination of total protein concentration is in the ränge of l g/kg. The resolution when monitoring relative changes is better by qne order of magnitude. From previous experiments it is well known that the sound speed in blood is closely related to total protein concentration as well as to the haematocrit (l l -14) . However, the measuring Systems in these investigations made it difficult either to attain the high resolution of 0.1 g/kg, or to make use of disposable measuring cells which use small sample volumes. The non-linear dependence of sound speed on the haematocrit (and hence on total protein concentration, see also equation 1) was only recently reported by Collings et al. (14) .
From the results it can be seen that sound speed is a convenientmeasure of the total protein concentration. In comparison with blood density measurements, the following differences have to be noted.
In contrast to the linear dependence between density and total protein concentration (see equation 4) the relation between sound speed and total protein concentration is not linear (quadratic terms with respect to sound speed, see table l, column 2).
The temperature dependence is higher for sound speed than for density by approximately one order of magnitude (see fig. 1 ). The temperature coefficient for density (5 / ·1/ ) is about -3·10~4/ (10) , that of sound speed (Sv/3T-l/v) is about 1-10" 3 /K (8, 12-14).
These drawbacks are minor and negligible when the biomedical and clinical applicability of the new measuring technique is considered. The design of disposable and more biocompatible measuring cells (8) would permit the introduction of a high resolution concentration sensor for blood monitoring, which could be of interest especially in critical care and in the control of haemodialysis and haemofiltration. For this reason, the determination of sound speed and the relation between sound speed and total protein concentration promises to attract further interest.
